Abstract. Previous studies on the antioxidant activity of sedatives have predominantly been in vitro investigations that are lacking clinical data, resulting in conclusion without cogency. The aim of the present prospective, randomized study was to use single sedative drugs for anesthesia induction to compare their antioxidant properties. The effects on the antioxidant system of midazolam, propofol and dexmedetomidine were assessed using oxidative stress indicators and micronuclei (MN). Forty-nine patients undergoing esophageal cancer radical prostatectomy were selected. Midazolam, propofol and dexmedetomidine were used to induce anesthesia. Venous blood samples were obtained prior to and at 2 and at 24 h after surgery, and oxidative stress indicators were detected using the appropriate kits. The cytokinesis-block micronucleus cytome assay was executed and the frequencies of MN, nucleoplasmic bridges and nuclear buds were examined. It was found that the use of the three sedatives, respectively, led to a marked increase in the levels of free radical indicators at 2 h after surgery, which then decreased at 24 h after surgery. Furthermore, lower levels of oxidative stress were found following the use of propofol and dexmedetomidine compared with those following midazolam administration, and similar results were obtained regarding the level of MN. It is suggested that propofol and dexmedetomidine exhibit a superior antioxidant function to midazolam.
Introduction
Oxidative stress is defined as a state in which the production of reactive oxygen species (ROS) overcomes the endogenous antioxidant defenses of the host, which leads to lipid, protein and DNA damage. Lipid peroxidation, which is the main method by which free radicals induce cellular damage, can cause decreases in membrane fluidity and permeability, and membrane protein denaturation. Oxidative stress can also lead to DNA damage, which is associated with chromosome aberrations and micronucleus formation (1) . Micronuclei (MN) result from chromosomal fragments or lagging chromosomes during cell division, which are not included in the main nucleus, existing independently in the cytoplasm. MN are a main biological marker of chromosomal instability (2) .
An association has been proposed between increased oxidative stress and poor outcomes in the critically ill, suggesting a potential role for antioxidant strategies in the intensive care unit (ICU) (3) . Limiting levels of oxidative stress may prevent cellular death, decrease inflammation and reduce morbidity and mortality rates (4); therefore, the antioxidant properties of sedative drugs should be taken into consideration as an important part of ICU remedy strategies, particularly when mechanical ventilation is required. Previously, Kang et al (5) classified the antioxidant potential of various drugs used in the perioperative period; however, to the best of our knowledge, a comparison of the effects on the antioxidant system of dexmedetomidine, propofol and midazolam, which are most frequently used in the ICU, has yet to be documented. The aim of the present study, therefore, was to investigate the antioxidant properties of the three sedative drugs.
Numerous clinical studies have revealed the involvement of ROS in severe invasive surgeries, such as thoracotomy, open-heart surgery and organ transplantation (6) (7) (8) (9) (10) . In the present study, a clinical model was designed in which a single sedative drug was used for anesthesia induction and maintenance to achieve a definite depth of anesthesia in esophageal cancer radical prostatectomy. Venous blood samples obtained prior to surgery (T0) and at 2 h (T1) and 24 h (T2) after surgery were tested to confirm the levels of ROS generation (superoxide anion, hydrogen peroxide and hydroxyl radical), the activity of endogenous antioxidant enzymes [superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (CAT)] and the levels of lipid peroxidation product [malondialdehyde (MDA)] (11, 12) . DNA damage was detected using the cytokinesis-block micronucleus cytome assay (CBMN) (2).
Materials and methods
Study subjects. The study was approved by the Ethics Committee of the Affiliated Yixing Hospital of Jiangsu University (Yixing, China) and written informed consent was obtained from each of the participants. Forty-nine patients of Society of Anesthesiologists physical status Ⅰ-Ⅱ, who were undergoing esophageal cancer radical prostatectomy, were randomly divided into three groups: Midazolam (M group, n=16), propofol (P group, n=16) and dexmedetomidine (D group, n=17). Patients with liver or renal dysfunction or hemostatic disorders were excluded. The administration of antioxidants, including vitamins C and E, edaravone, ebselen, resveratrol and other Chinese herbs that have been suggested to possess antioxidant properties, was not permitted during the perioperative period.
Anesthesia. All pa tients received 0.5 mg atropine intramuscularly as premedication 30 min prior to entering the operating theatre. In the M group, anesthesia induction was performed through the intravenous injection of midazolam (0.3 mg/kg), fentanyl (5 µg/kg) and vecuronium bromide (0.15 mg/kg), and maintained by intravenous infusion of midazolam (0.5-1.5 µg/kg/min) and fentanyl (0.05 µg/kg/min). In the P group, anesthesia was induced by intravenous injection of propofol (1 mg/kg), fentanyl (5 µg/kg) and vecuronium bromide (0.15 mg/kg), and maintained by intravenous infusion of propofol (100-200 µg/kg/min) and fentanyl (0.05 µg/kg/min). In the D group, anesthesia was induced by intravenous injection of dexmedetomidine (0.5 µg/kg), fentanyl (5 µg/kg) and vecuronium bromide (0.15 mg/kg), and maintained by intravenous infusion of dexmedetomidine (0.04-0.08 µg/kg/min) and fentanyl (0.05 µg/kg/min). All patients received tracheal intubation and underwent mechanical ventilation with 100% oxygen (tidal volume, 8-10 ml/kg; respiratory frequency, 10-14/min) with the aim of achieving an end-tidal carbon dioxide level of 38-40 mmHg during the surgical procedure. An extra fentanyl dose (5 µg/kg) was administered to the patients 3 min before the surgery. The Cerebral State Index (CSI) monitor, an electroencephalogram-based monitor that has a similar performance to the Bispectral Index in terms of predicting the clinical state of the patient assessed by the Observer's Assessment of Alertness/Sedation scale (9) , was used to monitor the depth of anesthesia during the surgery. The CSI value was maintained at ~50 by adjusting the dose of the sedative drugs. Vasopressors were administered to regulate mean arterial pressure (MAP) at basal level. The vasoactive agents and corresponding dose ranges were dopamine (6-30 µg/kg/min) and nitroglycerin (1-5 µg/kg/min).
Post-operative management. Following surgery, the patients were admitted to the Post-Anesthesia Care Unit (PACU) for monitoring. In addition to antimicrobial, expectorant, antacid and nutrition therapy, intravenous morphine infusion (15-25 µg/kg/h) was used for postoperative analgesia. The patients were extubated when there was no indication of bleeding and the patient was observed to be alert, cardiovascularly stable and normothermic, with an arterial oxygen tension of >74 mmHg, an inspired oxygen concentration of <40% and a positive end-expiratory pressure of <5 cmH 2 O. Prior to the patients being discharged from the ward, three criteria had to be met: i) Consciousness; ii) spontaneous breathing without an endotracheal tube; and iii) stable hemodynamics without vasoactive drug administration.
Study protocol. The MAP, heart rate (HR), oxygen saturation and fluid volume were continuously monitored during the surgical procedure and in the PACU. The time until recovery of consciousness, tracheal extubation time and length of PACU stay were recorded. Venous blood samples were obtained prior to the surgery (T0) and at 2 h (T1) and 24 h (T2) after the surgery. The samples were then centrifuged at 1,000 x g for 15 min at room temperature and the se rum samples were stored at -80˚C until analysis.
Biochemical analysis. In this study, oxidative stress indicators were divided into three categories: Free radical indicators (superoxide anion, hydrogen peroxide and hydroxyl radical), free radical damage indicators (MDA) and endogenous antioxidant indicators (SOD, GSH-Px and CAT). All procedures were performed according to the instructions provided with the kits from Jiancheng Bioengineering Research Institute (Nanjing, China): Superoxide anion, A052; hydrogen peroxide, A064-1; hydroxyl radical, A018; MDA, A003-1; SOD, A001-1; GSH-Px, A005; and CAT, A007-2.
CBMN. Blood samples were drawn from the subjects. A sample of whole blood (0.5 ml) was added to 4.5 ml RPMI-1640 culture medium and phytohemagglutinin, which was required for lymphocyte stimulation. Cytochalasin B (6 µg/ml; Sigma-Aldrich, St. Louis, MO, USA) was added after 44 h of culture to block cytokinesis, which facilitated the identification of lymphocytes that had divided in culture. As such, cells that had undergone the first mitotic division were recognized as binucleated cells and were selectively screened for the presence of MN, nucleoplasmic bridges (NPBs) and nuclear buds (NBUDs) (7) . Cell harvesting, hypotonic treatment, fixation and slide preparation were performed following standard procedures. The presence of MN was scored blindly in 1,000 binucleated cells, in accordance with standard criteria, and the frequency was expressed as the number of binucleated cells containing one or more MN/NPBs/NBUDs per 1,000 cells (2) .
Statistical analysis. Categorical variables are presented as percentages and continuous variables are expressed as the mean ± standard deviation. Differences between variables were analyzed using the Student's t-test (continuous variables) and the χ 2 test (categorical variables). Data analysis was performed using SPSS for Windows software version 14.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics. The clinical characteristics of the patients are summarized in Table I . The groups were similar in terms of age, gender, weight, surgery duration, blood loss, fluid volume, use of vasoactive agents, dose of intraoperative fentanyl, dose of postoperative morphine and length of stay in the PACU; however, the time until consciousness was recovered and tracheal extubation time in the M group were significantly longer than the results for the other two groups (P<0.05). All patients in the perioperative period were in steady state, and no postoperative complications were observed. The blood pressure, HR and other vital signs of the patients of the three groups exhibited no significant differences (P>0.05) (Fig. 1) .
Levels of free radical, free radical damage and endogenous antioxidant indicators.
To assess the levels of oxidative stress, free radical indicators (superoxide anion, hydrogen peroxide and hydroxyl radical) were detected in the plasma at different time-points. The results showed that the levels of the three indicators were increased significantly 2 h after surgery, but then returned to levels approaching those prior to the surgery. Furthermore, compared with the M group, the levels of the three indicators were significantly lower in the P and D groups (Table II) .
The levels of MDA showed similar trends to the free radical indicators; however, the level of MDA in the D group was significantly lower than that in the P group at T2, while the levels in the P and D groups were both lower than that observed in the M group (Table III) .
With regard to the endogenous antioxidant indicators (SOD and GSH-Px), the levels at T1 were found to be lower than the presurgery values in the three groups. Furthermore, the levels of SOD and GSH-Px were significantly higher in the P and D groups compared with those in the M group. Notably, the level of CAT did not exhibit any significant changes among the three groups (Table IV) . In these cases, it was concluded that more desirable effects were found in the P and D groups. Chromosomal instability of lymphocytes in the patients. In order to examine the oxidative damage of the lymphocytes from the blood samples, the CBMN assay was utilized to detect the frequencies of MN, NPBs and NBUDs at T0, T1 and T2. It was found that the micronucleus and NPB frequencies exhibited a time-dependent effect, with increases at T1 and decreases at T2; however, no significant differences among the three time-points were found for the NBUD frequency. It was further noted that the micronucleus frequency was significantly lower in the P and D groups than that in the M group at T1 and T2 (Table V) . We therefore speculated that propofol and dexmedetomidine caused less damage than midazolam.
Discussion
Although a previous in vitro study demonstrated that the majority of sedative drugs exhibit antioxidant activity (5), the application of sedative drugs has, for a long time, been mainly based on the pharmacology and pharmacokinetic properties of the drugs, without considering their antioxidant activity and effect on progress and prognosis. Previous studies on the antioxidant activity of sedatives are predominantly in vitro investigations (5) that are lacking clinical data, resulting in conclusion without cogency. In the present study, a specific major surgery (esophageal cancer radical prostatectomy) and standardized remedy strategies were selected as a clinical model of oxidative stress. Various sedative drugs were then used in general anesthesia; the changes in the levels of oxidative stress indicators were detected and the antioxidant activities of the sedatives were evaluated. A number of different mechanisms can lead to the increase in free radical levels caused by surgical trauma: Mitochondrial DNA damage and cytochrome oxidase system dysfunction; hypoxanthine conversion to xanthine and xanthine conversion to uric acid catalyzed by xanthine oxidase; increases in the levels of cytokines, such as tumor necrosis factor and interleukin-1, during the surgical procedure and following neutrophil and macrophage stimulation, causing a respiratory burst; and oxygen-derived free radicals induced by catecholamine release during the perioperative period. In the present study, it was found that the levels of free radical indicators (superoxide anion, hydrogen peroxide and hydroxyl radical) were markedly increased at 2 h after surgery and decreased at 24 h after surgery, suggesting that surgery induced oxidative stress and increased the levels of free radicals. We therefore speculated that the respiratory burst was the main mechanism of oxidative stress.
Kang et al (5) found that midazolam exhibited antioxidant properties, but more recent studies have demonstrated that the clinical concentration of midazolam does not have a free radical-scavenging capacity (13) . Previous studies investigating the effects of sedatives on free radicals have shown that propofol can not only directly react with free radicals (14) , but also enhance heme oxygenase expression and generate antioxidant activities (15) , as its molecular structure is similar to that of the endogenous antioxidant vitamin E. Nishina et al (16) found that the clinical concentration of dexmedetomidine had no effect on the chemotaxis and phagocytosis of neutrophils and the production of the superoxide anion; however, Taniguchi et al (17) suggested that dexmedetomidine could reduce the inflammatory cell response and inhibit the release of pro-inflammatory cytokines and the generation of oxygen free radicals. In the present study it was found that the levels of superoxide anion, hydrogen peroxide and hydroxyl radical in the P and D groups were lower 2 h after the surgery than those in the M group, suggesting that propofol and dexmedetomidine are stronger radical scavengers.
MDA, which is a product of lipid peroxidation, is the most commonly used indicator of oxidative stress. Lipid peroxidation, which is the primary mechanism by which free radicals induce cellular damage, can cause decreases in membrane fluidity and permeability, and membrane protein denaturation. Hydroxyl radicals induce the peroxidation of unsaturated fatty acids and form a lipid peroxidation chain reaction (18) ; only when two lipid radicals react to form a non-radical product or when the radicals are quenched by an antioxidant molecule, such as α-tocopherol (vitamin E), is the chain reaction terminated (19) . Propofol can reduce lipid peroxidation due to its similar molecular structure to vitamin E (20) . The present results also showed that the levels of MDA in the P and D groups at 2 h after surgery were lower than those in the M group, demonstrating that propofol and dexmedetomidine can significantly reduce lipid peroxidation during surgery when compared with midazolam. At 24 h after surgery, the level of MDA in the D group was the lowest among the three groups, suggesting that dexmedetomidine exerts the strongest protection against lipid peroxidation; however, the mechanism has yet to be elucidated.
Surgical stress can cause a decrease in the antioxidant enzyme activities of the body (21) . A previous study showed that propofol and dexmedetomidine could enhance the SOD activity of human blood, with similar effects exhibited by both drugs (22) . Another investigation found that propofol was a more potent enhancer of SOD activity than midazolam (23) . In the present study, the levels of SOD and GSH-Px in the M group at 2 h after surgery were markedly lower than those in the P and D groups, suggesting that surgical trauma would decrease the activities of SOD and GSH-Px and that propofol and dexmedetomidine could enhance the activities of the two indicators.
The levels of CAT did not show any differences among the groups, indicating that surgical trauma and increased free radical production have few effects on the level of CAT. This may be a result of GSH-Px replacing the role of CAT in higher organisms, and particularly in humans (24) .
It has previously been shown that the active metabolites (active oxygen ions, peroxides, free radicals and other ROS materials) generated by oxidative stress attack the body and lead to an increase in the micronucleus frequency (25) . In the present study, therefore, the CBMN assay was used to assess the oxidative DNA damage of the peripheral blood lymphocytes of the patients, and to further to evaluate the effects of the three sedatives. It was found that the micronucleus and NPB frequencies were significantly higher at T1 than those at T0, and were lower at T2 than that at T1, showing that the levels of oxidative DNA damage were higher following surgery but decreased with time. Furthermore, it was found that the micronucleus frequencies of the P and D groups at T1 and T2 were lower than the frequency of the M group, suggesting that propofol and dexmedetomidine had a superior antioxidant function. Since it is the NPBs, not the NBUDs, that eventually form MN (25) , no significant differences were found in the frequency of NBUDs.
In conclusion, the administration of propofol or dexmedetomidine leads to lower levels of oxidative stress and more desirable effects on the antioxidant system following surgery than midazolam. Furthermore, dexmedetomidine exerts longer-acting antioxidant effects than propofol; however, the effects of sedatives on the antioxidant system, treatment of diseases and disease outcome require further clinical studies.
